The central aspect of epithelial cells is their polarized structure, characterized by two distinct domains of the plasma membrane, the apical and the basolateral membrane. Apical protein sorting requires various signals and different intracellular routes to the cell surface. The first apical targeting motif identified is the membrane anchoring of a polypeptide by glycosylphosphatidyl-inositol (GPI) [1, 2] . A second group of apical signals involves N-and O-glycans [3], which are exposed to the luminal side of the sorting organelle. Sucrase-isomaltase (SI) and lactase-phlorizin hydrolase (LPH), which use separate transport platforms for trafficking, are two model proteins for the study of apical protein sorting. In contrast to LPH, SI associates with sphingolipid/cholesterol-enriched membrane microdomains or ''lipid rafts '' [4-6]. After exit form the trans-Golgi network (TGN), the two proteins travel in distinct vesicle populations, SAVs (SI-associated vesicles) and LAVs (LPH-associated vesicles) [7, 8] . Here, we report the identification of the lectin galectin-3 delivering non-raft-dependent glycoproteins in the lumen of LAVs in a carbohydrate-dependent manner. Depletion of galectin-3 from MDCK cells results in missorting of non-raft-dependent apical membrane proteins to the basolateral cell pole. This suggests a direct role of galectin-3 in apical sorting as a sorting receptor.
The central aspect of epithelial cells is their polarized structure, characterized by two distinct domains of the plasma membrane, the apical and the basolateral membrane. Apical protein sorting requires various signals and different intracellular routes to the cell surface. The first apical targeting motif identified is the membrane anchoring of a polypeptide by glycosylphosphatidyl-inositol (GPI) [1, 2] . A second group of apical signals involves N-and O-glycans [3] , which are exposed to the luminal side of the sorting organelle. Sucrase-isomaltase (SI) and lactase-phlorizin hydrolase (LPH), which use separate transport platforms for trafficking, are two model proteins for the study of apical protein sorting. In contrast to LPH, SI associates with sphingolipid/cholesterol-enriched membrane microdomains or ''lipid rafts'' [4] [5] [6] . After exit form the trans-Golgi network (TGN), the two proteins travel in distinct vesicle populations, SAVs (SI-associated vesicles) and LAVs (LPH-associated vesicles) [7, 8] . Here, we report the identification of the lectin galectin-3 delivering non-raft-dependent glycoproteins in the lumen of LAVs in a carbohydrate-dependent manner. Depletion of galectin-3 from MDCK cells results in missorting of non-raft-dependent apical membrane proteins to the basolateral cell pole. This suggests a direct role of galectin-3 in apical sorting as a sorting receptor.
Results and Discussion
For the identification of protein components in LAVs or SAVs, post-Golgi-enriched gradient fractions were separated by two-dimensional (2D) electrophoresis before or after immunoisolation. The identity of the LAV-or SAVassociated proteins was determined by MALDI-TOF-TOF analysis. Figure 1A shows that post-Golgi-enriched fractions of MDCK cells revealed the presence of the two polypeptides annexin-2 and galectin-3. Following immunoisolation, we could corroborate our previous observations that annexin-2 exclusively accumulates in SAVs [9] . On the other hand, an enrichment of the lectin galectin-3 was identified in immunoisolated LAVs. Furthermore, this lectin did not precipitate with SAVs, and we could confirm the exclusive presence of galectin-3 in LAVs by western blotting and immunoelectron microscopy ( Figures 1B and 1C) . On the basis of the finding that LAVs are characteristic for delivering the non-raft-associated hydrolase LPH to the apical cell surface [7] , we also checked by floating analysis the association of galectin-3 with detergent-resistant membrane microdomains (DRMs), a characteristic biochemical feature of lipid rafts [10] . For comparison, the distribution of LPH, SI, and the raft-marker protein caveolin-1 was monitored by westernblot analysis. Figure 1D demonstrates that significant quantities of SI and caveolin-1 were isolated from the floating DRM fractions of the gradient, whereas galectin-3 and LPH did not float but remained in the bottom fractions. This indicates that galectin-3, like LPH, is not associated with the lipid-based apical-transport platforms.
We then examined the subcellular localization of galectin-3 by confocal fluorescence microscopy. For this, fluorescent fusion proteins of galectin-3 were generated. Expression of these constructs in COS-1 cells allows the analysis of intracellular organelles in a single focal plane by confocal microscopy. Here, Gal3-CFP labeling was predominantly found in some areas of the cytosol and vesicular or tubular structures (Figure 2A) . Thus, the staining pattern of Gal3-CFP reflects the intracellular distribution described for endogenous galectin-3 [11] . Gal3-CFP-positive vesicles did not costain with trans-Golgi-galactosyltransferase (GT-CFP) or the lysosomal membrane protein LAMP-2, but galectin-3 labeling overlapped in part with rab11-positive recycling endosomes, which are involved in apical membrane trafficking [12] . Gal3-CFP/LPH-YFP-or SI-YFP-expressing COS-1 cells costained galectin-3 with LPH-or SI-carrying vesicles in the perinuclear area ( Figure 2B ). Following TGN release for 20 min, vesicles labeled by Gal3-CFP and LPH-YFP appeared in the cell periphery. To determine whether costaining between Gal3-CFP and LPH-YFP reflects a close contact between the two partners, we performed fluorescence resonance energy transfer (FRET) analysis. In 30 vesicles analyzed, 20.11% 6 2.35% FRET efficiency was measured for galectin-3 and LPH. However, no FRET (0.1% 6 0.02% efficiency) could be detected between galectin-3 and SI, thus *Correspondence: jacob@staff.uni-marburg.de demonstrating vicinity between galectin-3 and LPH in the nm-range but not with SI.
Next, the intracellular distribution of galectin-3 in polarized MDCK-cells was studied. Figure 2C demonstrates that costaining between endogenous galectin-3 and apically directed LAVs was observed in the subapical area of epithelial cell sheets. Again, only minor amounts of vesicles were costained for SAVs and galectin-3, a result that corroborates our 2D-electrophoresis data and the observations in COS-1 cells. We then determined the exact time interval of galectin-3 accumulation within isolated LAVs or SAVs. Therefore, a cohort of transported material was accumulated in the TGN followed by TGN release at 37ºC for increasing time intervals. Western-blot analysis of immunoisolated vesicles revealed the appearance of galectin-3 in LAVs 5 min after TGN release. A maximum level of this lectin in these vesicles was reached 10 min after TGN release. This level remained high for 35 min until it declined at the end of the experiment ( Figure 3A ). For SAVs, no significant amounts of galectin 3 could be detected, indicating that galectin-3 accumulates in the non-raft-dependent apical route after exit of the TGN. Next, we wanted to identify whether galectin-3 localizes on the cytosolic or the luminal side of vesicular carriers. Therefore, LAVs were lysed or not lysed with 1% Triton X-100, followed by proteinase K treatment and western-blot analysis with pAb anti-galectin-3. As depicted in Figure 3B , galectin-3 isolated by vesicle precipitation was resistant to proteinase K digestion unless LAVs were solubilized with Triton X-100. This demonstrates that galectin-3 accumulates on the luminal side of post-Golgi vesicles.
Another question based on the FRET experiments in COS-1 cells was whether in MDCK cells galectin-3 and LPH directly associate with each other in the vesicle lumen. For this purpose, LPH or SI was immunoprecipitated from MDCK cell lysates, and this was followed by immunoblot analysis of the coprecipitated galectin-3 in the presence or absence of glucose, galactose, or lactose ( Figure 3C ). In the control experiment and in the presence of glucose, galectin-3 was isolated in association with LPH. Galactose and lactose on the other hand inhibited this association, thus suggesting that in contrast to glucose, these two sugars compete with the binding of galectin-3 for LPH. Because the disaccharide lactose comprises glucose as well as galactose, our observations point to a galactose-dependent interaction of galectin-3 with LPH. In conjunction with the FRET data in COS-1 cells, no coprecipitation of galectin-3 with SI could be detected in MDCK cells. On the basis of the successful coprecipitation of galectin-3 with LPH, we tested the general character of galectin-3 as a receptor in apical protein sorting. Here, we used two other apical non-raft-associated membrane proteins, the neurotrophin receptor (p75) [13] and gp114, an endogenous apical glycoprotein of MDCK cells [14, 15] . At first, p75 or gp114 was precipitated from cell lysates, and galectin-3 was detected on immunoblots as indicated above. Figure 3C depicts coprecipitation of galectin-3 with p75 and gp114 in the presence of glucose as well as under control conditions. In analogy to LPH, a significant decline in the interaction of p75 or gp114 with the lectin could be observed in the presence of galactose or lactose. As a conclusion, galectin-3 binds to the apical glycoproteins LPH, p75, and gp114 in a galactose-dependent fashion, whereas raft-associated SI travels independently of this lectin to the cell surface.
We wondered whether apical sorting in MDCK cells depends on the presence of galectin-3 and studied a putative role of this lectin in the sorting process by RNA interference with two specific siRNA duplexes. The level of galectin-3 was reduced to less than 20% according to western-blot analysis 48 hr after transfection ( Figure 4A ). Moreover, 72 hr after transfection of a combination of both siRNA duplexes, an even more dramatic decrease of galectin-3 expression could be observed by western-blot and quantitative RT-PCR ( Figures 4A  and 4B ). We employed these conditions for galectin-3 knockdown to monitor the polarized delivery of LPH, p75, gp114, or SI in polarized MDCK cells by confocal imaging. Interestingly, galectin-3 depletion caused a shift of LPH, p75, and gp114 from the apical membrane to a predominant quantity in the basolateral plasma membrane ( Figure 4C ). Apart from their appearance in the basolateral membrane, LPH and gp114 also subapical area (xy) or in x/z view (xz). Vesicular carriers exclusively labeled with galectin-3 (white arrows) are depicted. Vesicular structures costained by galectin-3 and LPHmyc are indicated by arrowheads. Hoechst nuclear counterstaining is indicated in blue. Ap denotes apical; Bl denotes basolateral. The scale bars represent 10 mm. accumulated intracellularly after galectin-3 depletion; this accumulation might be due to an inefficient entry into alternative transport routes. Basolateral delivery of p75 can be explained by sorting signals in its cytosolic domain [16] . However, apical SI was correctly sorted in the presence or absence of galectin-3. No influence of galectin-3 depletion could be observed on the basolateral localization of b-catenin. In a second approach, the polypeptides were precipitated from the apical or basolateral surface of biosynthetically labeled MDCK cells. Again, apical sorting of the non-raft-associated proteins was significantly perturbed by galectin-3 knockdown to an average apical to basolateral ratio of about 52:48 (LPH) or 38:62 (p75), whereas no effect on the polarized targeting of raft-associated SI molecules could be detected (Figures 5A and 5B ).
Taken together, both techniques we employed to determine an influence of galectin-3 knockdown on the sorting of non-raft-associated apical glycoproteins have shown that they are missorted to the basolateral membrane in the absence of galectin-3. This effect on polarized trafficking supports the notion that galectin-3 is required for the high fidelity of non-raft-dependent apical sorting in MDCK cells. Moreover, in view of the observations that galectin-3 accumulates in post-Golgi carriers and interacts with LPH, p75, and gp114, this lectin fulfils the requirements of an apical sorting receptor. Already ten years ago, different groups came to the conclusion that sugar binding receptors might be involved in apical transport by direct interaction with sugar moieties of glycoproteins [4, 13, 17] . A candidate lectin, which was first identified in exocytic carriers, was VIP36 [18] . However, this localization was caused by overexpression of VIP36, whereas the endogeneous pool accumulates in the cis-Golgi [19] . Thus, direct involvement of this lectin in apical sorting at the trans side of the Golgi appears to be unlikely. Recently, galectin-4 was identified in post-Golgi carriers [20] . Depletion of this lectin induces mistargeting of apical proteins. However, no clear interaction of galectin-4 with glycoproteins could be observed. Instead, it associates with sulfatides, which are highly enriched in lipid rafts. This suggests that galectin-4 is engaged in the process of raft formation or stabilization instead of sorting glycosylated polypeptides.
It is well known that galectins provide the ability to form cross-linked lattices with specific multivalent carbohydrates. Galectin-3 differs from other galectins in having one carbohydrate recognition domain and an additional dimerization domain [21] . This dimer formation enables galectin-3 to form multimeric complexes with the extracellular matrix protein hensin in epithelial cells [22] . How galectin-3 is secreted via a ''nonclassical'' secretory pathway is unclear [11] . It might be translocated through the plasma membrane and taken up by endocytosis or directly transported into exocytic carriers. Because we observed accumulation of galectin-3 in postGolgi carriers 10 min after TGN release, this interaction most likely intensifies in an endosomal compartment. Evidence for the involvement of endosomes in exocytic polarized trafficking comes from studies on the polymeric IgA receptor [23] , the VSVG protein [24] , the transferring receptor [25] , the asialoglycoprotein receptor [26] , and E-cadherin [27] . In addition, the observation that apical and basolateral cargo pass a population of recycling endosomes further suggests that these endosomes serve not merely as an intermediate compartment between TGN and plasma membrane but also as a common site for polarized sorting [24] .
Apical sorting of raft-associated as well as of non-raftassociated polypeptides involves the presence of N-or O-glycans [3] . Because galectins recognize b-galactose, which is present in N-and O-glycans, they represent putative candidates for binding receptors. Furthermore, our data demonstrate that galectin-3 depletion disturbs apical segregation of the non-raft-associated proteins LPH and p75, whereas polarized trafficking of SI remains unaffected. Two conclusions can be drawn from this observation. First, galectin-3 binding underlies one variant of carbohydrate-dependent apical sorting. Second, galectin-3 is not involved in protein translocation to the cell surface but represents a central element in the apical sorting process of non-raft-associated glycoproteins.
Moreover, our data indicate that the arrangement of clusters consisting of glycoproteins and galectin-3 plays a central role in apical sorting. This observation of networks between apical proteins corresponds to a model that is based on the oligomerization of polypeptides into clusters that drive apical sorting and assist in the generation of apical vesicles [28] . Thus, it is tempting to conclude that galectin-3 fulfils the role of a receptor that recognizes apical glycoproteins, drives the oligomerization process, and stabilizes the network for vesicle formation.
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